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Abstract
Carbon Capture and Storage (CCS) has been widely recognized as one of the main technologies to mitigate climate
change. Deep-saline aquifers are among the preferred potential repositories for CO2 currently being emitted to the 
atmosphere from burning of fossil fuels. Large-scale injection of supercritical CO2 into subsurface reservoirs induces 
a complex interplay of multiphase flow, capillary trapping, dissolution and chemical reactions that may have
significant impacts on both, short-term injection performance and long-term fate of CO2 storage. To ensure the
viability of geological CO2 storage, a holistic understanding of reactions at supercritical CO2-water-rock interfaces 
and the environmental factors affecting these interactions is required.   
The major objectives of this contribution are to study the kinetics of CO2 brine-rock interactions and derive respective
chemical reaction rate expressions under the typical conditions of CO2 storage sites. These rate laws may be used in 
modeling the storage sites and operating them in a way that will minimize scaling and thus potential reduction of 
injectivity.
A new experimental system was set up at the Water-Rock interaction laboratory, Ben-Gurion University of the Negev
that allows studying the interaction between CO2, brine, and minerals under CO2 supercritical conditions. All 
equipment is fully capable to deal with adjustable PTX conditions enabling continuous and computerized data 
acquisition of various variables including pressure, temperature, stirring speed, in-situ measurement of pH and redox 
potential. The experimental setup allows the measurement of dissolution and precipitation rates of diverse minerals
under a wide range of environmental conditions as found in CO2 storage sites offering the possibility to collect liquid 
and solid samples for further chemical and morphological analyses. 
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1. Introduction 
    Carbon dioxide is one of the main compounds affecting the Earth's climate. A significant reduction in 
the volume of greenhouse gas emissions to the atmosphere is a key mechanism to mitigate climate change 
[1]. Carbon Capture and Storage (CCS) has been widely recognized as one of the main technologies to do 
so [2]. Deep-saline aquifers are among the preferred potential repositories for CO2 currently being emitted 
to the atmosphere from anthropogenic activities. 
    Large-scale injection of CO2 into subsurface reservoirs induces a complex interplay of multiphase 
flow, capillary trapping, dissolution and chemical reactions that may have significant impacts on both 
short-term injection performance and long-term fate of CO2 storage [3]. To ensure the viability of 
geological CO2 storage, a holistic understanding of reactions at supercritical CO2-water-rock interfaces 
and the coupled physico-chemical factors affecting these interactions is required. Therefore, studying and 
quantifying the kinetics of CO2-brine-rock interactions and deriving respective rate laws, under the 
typical conditions of CO2 storage sites, is needed in order to model the storage sites and operate them in a 
way that will minimize scaling and thus potential reduction of injectivity [4].  
    The depth of an adequate aquifer that may serve as a repository for CO2 would be in a range of 0.8 to 2 
km, therefore, the pressures would range from 75-300 bars and temperature would vary between 50-
200°C [2], [5-7]. Within this environment, CO2 will be in a supercritical state because its critical point 
lies at 31°C and 73.8 bars [8]. If CO2 is injected as a liquid or gas to such environment it will become 
supercritical. Water salinity ranges approximately from tens to hundreds of grams per liter at the expected 
depth [9]. 
    Understanding the entire gamut of processes that will occur as a result of mixing CO2 and brine within 
the rock is essential for predicting the changes with time at the storage site. Two such important processes 
are mineral dissolution and mineral precipitation induced by the mixing of CO2 and the brine. 
    In an aqueous solution, a fraction of the dissolved CO2 reacts with water to produce carbonic acid. 
Dissociation of carbonic acid may then trigger the hydrolysis of the host rock, and consequently 
precipitation of secondary minerals such as carbonates (e.g., [10-15]) and sulfates [16-17]. Precipitation 
of secondary minerals will change the porosity and permeability of the host rock, which may then 
adversely affect the injectivity of the aquifer (e.g., [18]). One of the concerns is massive precipitation of 
sulfate minerals (e.g., anhydrite) in the area near the well bore due to fast kinetics. Such precipitation may 
plug the well bore, producing a devastating back-pressure on the injection process.                 
   Currently, there is a wide knowledge gap regarding the kinetics of water-rock interactions under the 
physicochemical conditions which exist at storage depth. In lack of alternatives, kinetic constants that 
were determined experimentally, either in the absence of CO2 or under low partial pressure and under 
conditions in which CO2 was not in supercritical state, are implemented in the coupled reaction transport 
computer codes for modeling CO2 storage [4].  
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       Rosenbauer et al. [19] demonstrated experimentally that anhydrite (CaSO4) precipitates from brines 
saturated with CO2 in the presence of limestone under supercritical CO2 conditions. Starting with brine 
close to saturation with respect to anhydrite and calcite (at 25oC, 300 bar), the addition of CO2 caused the 
brine to be undersaturated with respect to calcite. When the experimental temperature was increased to 
120oC, the brine became supersaturated with respect to anhydrite causing it to precipitate. Both of the 
experiments of Rosenbauer et al. [19] demonstrated rapid anhydrite precipitation, although the reaction 
kinetic was not studied. Increase in Ca2+ concentration due to dissolution of other minerals (e.g., 
anorthite) will also change the brine saturation state with respect to anhydrite. 
 
   Numerical modeling of injection of sulfur contaminated CO2 [16-17], showed that additional S may 
stimulate anhydrite formation, by raising the SO42- concentration of the solution. Xu et al. [17] pointed 
out that alunite (KAl3(OH)6(SO4)2) and minor quantities of pyrite (FeS2) may also precipitate. Their 
model predicted that most of the sulfur would be immobilized in the long term by alunite precipitation 
a significant contribution 
to porosity decrease. It is important to note that in many cases the phase that precipitates is the one with 
faster precipitation kinetics and not the phase that is thermodynamically more stable. Experimental 
determination of the rates of the precipitation reactions under CO2 sequestration conditions will assist in 
validating these models.  
2. Rate Calculation 
    Determination of the kinetics of crystal growth will be achieved by introducing crystallization seeds of 
the growing mineral into a supersaturated solution and measuring the change in solution concentrations as 
a function of time. In a well-mixed flow-through system where precipitation (or dissolution) reaction 
occurs, the change in concentration of the products with time (mol kg solution-1 s-1), is obtained from the 
following mass balance equation:  
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where Cj,in and Cj,out are the concentrations of component j (such as SO42- or Ca2+) in the inflow and 
outflow solutions (mol kg solution-1) respectively; j is the stoichiometry coefficient of component j in the 
precipitation reaction; Rate describes the precipitation rate (mol m-2 s-1); t stands for elapsed time (s); Sr 
denotes the overall surface area of the mineral (m2); V is the volume of the cell (m3),  represents the fluid 
density, and q equals the fluid weight flux through the system (kg s-1). Note that in this formulation, the 
rate is defined to be positive for precipitation and negative for dissolution. Under steady-state conditions, 
when the composition of the outflow solution reaches a constant value, (i.e., 0/, dtdC outj ) the 
precipitation rate may be described as follows: 
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3. Experimental system design 
    In order to describe secondary mineral crystal growth rates at deep geological storage sites, a new 
experimental system was designed and built to allow interaction between CO2, brine, and minerals under 
CO2 supercritical temperature and pressure (>31oC, >74bar).  
 
    Designed to deal with high pressures, temperatures, and high corrosivity (due to the high reactivity of 
the brine-CO2 mixture), all the system parts are made from durable and corrosion resistant materials (e.g., 
Titanium, PEEK, and Monel400). The system consists of a 300ml continuously stirred reactor vessel 
(PARR Instruments), equipped with a thermocouple-regulated heating systems, that may be cooled down 
by circulating cold water through an internal cooling loop. The entire system can withstand up to 140 bars 
at 140°C. 
 
    In order to prevent precipitation of solid phases inside the upstream tubing, separated inlet channels for 
two undersaturated brines were designed allowing them to mix only in the reaction vessel and form a 
saturated solution with respect to the target solid phase. The undersaturated brines and the liquid CO2 are 
pumped towards the reaction vessel under constant flow via a set of two piston pumps and a supercritical 
bench top syringe pump, respectively. To allow a reaction in a highly enriched CO2 environment without 
creating two different phases in the vessel (gas or supercritical and liquid), the brine-CO2 ratio is kept 
below maximum solubility of CO2 and the liquid CO2 and brine are intimately mixed before reaching the 
reaction vessel. The latter is achieved by pumping the brine and liquid CO2 through a static mixer to form 
a homogenous mixture.  The CO2 gradually dissolves while flowing through a long coil, allowing 30 
minutes retention time (at 2.5 ml min-1 brine flow rate) in which carbonation occurs.   
     
    A few high pressure rated check valves are introduced at strategic points in the system design to avoid 
reverse flow in case of momentary pressure differences or pressure drops, preventing harmful damage to 
the system equipment. The overall hydraulic system pressure is regulated by a back pressure regulator 
(BPR) whose dome pressure is regulated with an inert gas (N2). The mixture is kept homogenized within 
the reactor vessel by an impending, internal magnetic stirrer and a gas impeller.  
     
    At the outlet, the fluid is filtered through a 2m titanium frit and flows through a combined high 
pressure pH and temperature glass probe and a redox potential probe installed into a metal cross, allowing 
the solution to flow under pressure through the cross with the probes. pH, Eh, and temperature are thus 
collected continuously throughout the experiment. The outlet solution is then depressurized as it exits the 
BPR and collected for further analyses. 
     
    A main process controller collects readings from diverse sensors (temperature, pressure, pH, ORP, 
rpm) in the system, obtaining a full on-line tracking and logging of system parameters through a 
computerized interface. Controlling and data logging of further system components is achieved by a set of 
special computer software. 
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4. Experimental Plan 
    The goal is to describe the rate of nucleation and crystal growth of sulfates as a function of the 
environmental conditions at CO2 storage sites (pressure, temperature, brine composition, rock 
composition and concentration of dissolved CO2). Crystal growth experiments will be conducted in the 
presence of mineral crystallization seeds (e.g., anhydrite) whereas nucleation experiments will be 
executed in the presence of foreign crystallization seeds (e.g., calcite and clay) or in the absence of any 
mineral.  
 
    Initially, experimental solutions will be highly supersaturated at temperatures of 80°C to accelerate the 
reaction rates. These high temperature experiments will be followed by experiments at lower 
temperatures and/or degree of saturation. All experiments will be conducted under supercritical CO2 
conditions with pressure and temperature variations in accordance with storage site specific gradients. 
The brine : CO2 ratio will be high enough to allow full dissolution of the CO2 in the brine. Several 
experiments will be performed at constant pressure and different temperatures, in order to determine the 
activation energy of the reactions.  
 
    Synthetic brines with composition similar to natural brines (e.g., Table 1) will be used. The degree of 
saturation with respect to minerals that may dissolve or precipitate at the sites can be calculated using 
computer codes such as PhreeqC [20]. The solubility prediction of the codes at various experimental 
conditions will be validated using seeded batch experiments, following a similar approach to the one we 
used to validate gypsum thermodynamics in the Dead Sea brine at low temperature [21]. The CO2 
concentrations are anticipated to be in the range of 0-5% wt. The exact brine-CO2 mixing ratio has to be 
calculated upfront to fit the specific brine, temperature and pressure of the experiment and not to exceed 
saturation with respect to supercritical CO2 [22]. This step will eliminate the presence of two CO2 phases 
(dissolved and supercritical) that may cause other uncontrolled scenarios such as brine desiccation and 
consequential mineral precipitation [23]. The possible effect of brine desiccation will be examined in later 
studies.  
 
Table 1: Examples of brines compositions 
 
Reference brine name units pH Na K Ca Mg Cl SO4 HCO3 TDS 
Kaszuba et al. 
2003 [23] 
Initial 
brine molal 7.15 1.927 0.752 0.016 1.40 5.659 0.046 n.d. n.d. 
Rosenbauer et al. 
2005 [19] PVA1 mg/L 6.5 70000 1000 1000 1000 132000 454 100 206000 
Rosenbauer et al. 
2005 [19] PVA mg/L 5.4 70000 2100 10900 1220 132000 454 185 218000 
Rosenbauer et al. 
2005 [19] PVB mg/L 6.3 77000 3630 1187 1278 127100 5100 257 215000 
Forster et al. 
2006 [24] 
Stutgart 
formation mg/L n.d. 90100 430 1760 1270 143300 3600 40 250000 
Emberley et al. 
2004 [25] Weyburn mg/L 6.0 calc. 25167 382 1372 374 38443 3465 274 70167 
n.d.= no data 
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